Introduction
The function of G protein-coupled receptors (GPCRs) can be regulated on several levels. Of particular interest is the process of desensitization that takes place between GPCRs, which can be the result of either homologous or heterologous desensitization. The former is a rapid event that occurs when a receptor becomes desensitized upon binding of its cognate ligand. The latter is desensitization of a receptor by a separate, unrelated receptor, and does not require agonist stimulation of the desensitized receptor. Further, this desensitization can also, but not always, result in internalization of the receptor.
Many immunologically relevant GPCRs and their ligands have been shown to participate in receptor regulation at the level of cross-desensitization (Steele et al. 2002) . It is apparent that the G i protein-linked chemoattractant receptors exhibit a hierarchy in initiating cross-desensitization, and this is inversely correlated with their susceptibility to desensitization (Steele et al. 2002) . For example, there is a hierarchy in the cross-desensitization between GPCRs, where the susceptibility to cross-desensitization varies greatly (Grimm et al. 1999; Szabo et al. 2003) . Moreover, based on studies with a number of GPCRs, it appears that CXCR4 is relatively resistant as a target for cross-desensitization (Steele et al. 2002) .
The Opioid Receptor-Like 1 (ORL1) is expressed abundantly in both the CNS and among cells of the immune system (Peluso et al. 1998 ). Moreover, a number of laboratories have shown that ORL1 can modulate inflammatory responses, and both innate and adaptive immune responses (Finley et al. 2008; Anton et al. 2010) . Because ORL1 appears to be highly expressed by a number of leukocyte populations, it has been suggested that this receptor may potentially be more universally immunomodulatory than the opioids (Finley et al. 2008) .
Because ORL1 is expressed by both primary T cells and T cell lines, we wished to determine whether ORL1 might exert a regulatory influence on the function of the chemokine receptor CXCR4. While this receptor is expressed on a wide variety of cell types, it serves as the major HIV co-receptor for T cell tropic HIV-1 strains. Our studies reported here show that ORL1 exhibits the ability to cross-desensitize CXCR4 in both primary leukocytes and hematopoetic cell lines. These results are consistent with studies in a number of experimental systems which suggests that ORL1 can exert substantial immunoregulatory activity.
obtained from whole blood of normal HIV-negative donors as previously described using magnetic bead purification , and a protocol and informed consent approved by the Temple University Institutional Review Board.
Chemotaxis Analysis of chemotactic activity was carried out as described previously (Szabo et al. 2003 ) using a 48-well micro chemotaxis chamber, and a semi-permeable polycarbonate PVPF membrane (5 μm pore for U937 cells, monocytes, primary T cells; 3 μm pore for Jurkat T cells). Loaded chambers were incubated at 37°C for 60 min (Jurkat T cells and monocytes) or 90 min (U937 cells and primary T cells). The membranes were fixed and stained for 5 min in each of 3 solutions of the Hema 3 Protocol Fix and Stain Solutions (Fisher Diagnostics, Pittsburgh, PA). The responses were quantified by counting 4 areas of each well under 40X magnification. The 4 counted areas were totaled for each well, averaged across the replicates, and expressed as cells per high powered field (HPF).
Flow cytometry Flow cytometric analysis for the expression of CD4 (Clone S3.5; Invitrogen) and CXCR4 (Clone 12 G5; Becton-Dickinson) was carried out as described previously (Szabo et al. 2003 ) using Q-Dot 605-and PE-conjugated antibodies, respectively.
HIV susceptibility The susceptibility to infection with HIV-1 X4 strain MN was carried out by measuring the transcription of the HIV-1 5' strong-stop (ssHIV) quantitative PCR according to a modification of a method described previously (Szabo et al. 2003; Steele et al. 2003) . The ssHIV method allows for a determination of a very early event post-infection and gives a measure of co-receptor function. DNA was isolated from infected cells, and a buffer was created using Roche FastStart DNA Master Hybridization Probe Buffer (Roche Applied Science, Indianapolis, IN), supplemented with 3.5 mM MgCl 2 , 0.5 μM each of sense and antisense primers (5'-CTTCCCTGATTGGCA GAACT-3', and 5'-AGCACCATCCAAAGGTCAGT-3', respectively), 0.2 μM of each hydrolysis probe (Probe 1:
, and 500 ng of DNA. Reaction conditions were: amplification at 95°for 10 min, 35 amplification cycles of denaturation at 95°C for 10s, primer annealing at 55°C for 10s, extension at 72°C for 7 s, followed by a cooling step at 40°C for 30 s. The Roche hybridization probe for β-globin was employed as a standard for quantification of the ssHIV product. Real-time PCR was also performed on β-actin in order to normalize the ssHIV products within each sample as described above using actin primers (sense: 5'-CGGGAAATCGTGCGTGACAT-3'; antisense: 5'-GAACTTTGGGGGATGCTCGC-3'), under the same amplifications conditions as described above except for primer annealing at 60°C for 3 s. Melt curve analysis was carried out to assess the homogeneity of each amplicon. The concentrations of ssHIV and actin were determined using LightCycler 4.05 software for each sample. The ssHIV data were normalized to β-actin within each sample, and normalized to the control (no treatment) samples and expressed as mean (± SEM). Statistical analysis Statistical analysis of the difference between groups was assessed using either the Student's t-test or analysis of variance (ANOVA) followed by Tukey's test. P<0.05 was taken as the significant level of difference.
Calcium flux

Results
ORL1 mediates cross-talk with CXCR4 in human T cells and monocytes
In an effort to determine the capacity of ORL1 to cross-talk with CXCR4, we carried out experiments to examine the effect of N/OFQ on the chemotactic response of CD4-positive T cells and CD14-positive monocytes to CXCL12. The results (Fig. 1a & b) show that the response of primary peripheral leukocytes through CXCR4 is inhibited in a dose-dependent manner following ORL1 activation. The inhibition of the CD4-positive T cell response to CXCL12 was significantly inhibited by pretreatment with as little as 0.1 nM N/OFQ, while the response of CD14-positive monocytes was apparent with as little as 1 nM N/OFQ.
In an effort to extend these findings, we also carried out these studies using the T cell and monocyte-like cell lines, Jurkat and U937, since these cells are more homogeneous. The results from these experiments (Fig. 1c & d) showed that both Jurkat T cells and U937 monocytes failed to exhibit normal CXCR4 activity following pre-treatment with N/OFQ. The response of Jurkat cells to CXCL12 was significantly inhibited following pretreatment with as little as 0.1 nM N/OFQ, and the inhibitory activity of N/OFQ was dose-dependent. Finally, experiments were conducted in which Jurkat T cells were pre-treated with the ORL1 antagonist UFP-101, and then subjected to the analysis of N/OFQ inhibitory activity. The results from this study (Fig. 1e) show that ORL1 antagonist pre-treatment substantially blocked the ability of N/OFQ to inhibit CXCR4 functional activity. Finally, we also tested the effect of N/OFQ treatment on the capacity of Jurkat cells to exhibit a calcium mobilization response to CXCL12. The results (Fig. 1f) show that pretreatment with N/OFQ results in a reduction in the calcium flux response to CXCL12.
The ORL1-induced cross-desensitization of CXCR4 does not require target receptor internalization The cross-talk between GPCRs may or may not involve target receptor internalization, and internalization can contribute to the failure of the target receptor to manifest functional activity (Steele et al. 2002) . Experiments to determine the effect of N/OFQ pre-treatment on the surface expression of CXCR4 showed (Fig. 2a & b) that N/OFQ pre-treatment failed to alter the expression of CXCR4, and this was apparent at doses of N/OFQ as high as 100 nM. This was in contrast to treatment with CXCL12, which induced a reduction in CXCR4 expression of approximately 55%. These results show that homologous desensitization of CXCR4 with CXCL12 effectively induces receptor internalization, while cross-desensitization through ORL1 failed to induce detectable expression. These results demonstrate that CXCR4 remains in the outer membrane following the ORL1 activation, but CXCR4 loses functional activity.
Based on the inhibition of CXCR4 functional activity, we wished to determine whether the ORL1-induced crosstalk with CXCR4 might be associated with an alteration in HIV-1 co-receptor activity. Experiments in which we pretreated CD4-positive T cells with N/OFQ, and then subjected these cells to infection with the X4 HIV-1 strain MN, showed (Fig. 2c) that N/OFQ pre-treatment induced a significant inhibition of HIV-1 LTR strong-stop expression by approximately 45%. The magnitude of the inhibition was consistent with the inhibition of the chemotactic activity of CXCR4 observed for CD4-positive primary T cells (Fig. 1a) . Finally, additional studies have shown that the treatment with N/OFQ does not result in a change in expression of CD4 (data not shown).
Discussion
Several laboratories have shown that leukocytes express ORL1 (Finley et al. 2008) , and leukocytes are a source of N/OFQ (Miller and Fulford 2007) . Moreover, N/OFQ is stored in neutrophil granules, and this mediator is released upon degranulation of the neutrophils (Fiset et al. 2003) , suggesting that N/OFQ is likely to be upregulated at sites of inflammation. Indeed, there is evidence that N/OFQ can directly modulate components of the inflammatory response (Goldfarb et al. 2006; Kaminsky and Rogers 2008) .
The cross-desensitization of CXCR4 by ORL1 would be expected to occur in conditions where an elevation in the levels of N/OFQ occur, and CXCR4 expression by inflammatory cells is upregulated in certain inflammatory states (Buckley et al. 2000) . The process of ORL-1 mediated cross-desensitization is likely to contribute to inflammatory cell "traffic-control" at sites of inflammation. The migration of inflammatory cells is dependent on the ability to decipher a complex mixture of chemotactic , Jurkat T cells c and e, and U937 monocytes d were pre-treated with the designated doses of N/OFQ for 60 min, and the chemotactic responses to CXCL12 were determined as described in Materials and Methods. Jurkat T cells were also pre-treated with the ORL1 antagonist UFP-101 (100 nM) prior to the treatment with 10 nM N/OFQ e, and the response to CXCL12 was determined in the same manner. Results are expressed as the number of migrated cells per high-powered field (± SEM) of triplicate samples, and are representative of at least three independent experiments. *, P<0.05. Jurkat cells were pre-treated with PBS (A) or 10 nM N/OFQ (B), and the calcium response to 50 ng/ml CXCL12 was determined after 60 min f signals and "prioritize" among the chemoattractants and ignore undesirable chemoattractants. Several mechanisms have been identified which account for this selective cellular guidance, including heterologous desensitization (Steele et al. 2002) . It is apparent that chemoattractant receptors exhibit a hierarchy in which there are strong, intermediate, and weak receptors for initiating crossdesensitization, and this is inversely correlated with their susceptibility to desensitization. For example, the formyl peptide receptor (FPR) is a strong desensitizer, and FPR is relatively resistant as a target for cross-desensitization (Shen et al. 2000) . Previous studies suggest that CXCR4 is a strong desensitizer, and is relatively resistant to crossdesensitization (Steele et al. 2002) . However, while CXCR4 is relatively resistant, it can be successfully crossdesensitized by certain CCR5 agonists (Hecht et al. 2003) . Given the relative resistance of CXCR4 to cross-talk, it was somewhat surprising that ORL1 would successfully desensitize this chemokine receptor. However, previous studies have shown that ORL1 mediates cross-desensitization of the μ-opioid receptor (Mandyam et al. 2002) . It is likely that the failure of ORL1 to more completely crossdesensitize CXCR4 may reflect the apparent resistance of this receptor to this cross-talk.
Finally, an additional consequence of the ORL1-mediated inhibition of CXCR4 is apparent from the results showing that HIV-1 coreceptor function is inhibited. This result was not entirely unexpected, given the previous findings which show that cross-desensitization of either CXCR4 or CCR5 is associated with a reduction in coreceptor activity (Steele et al. 2002) . For example, the cross-desensitization of CXCR4 by FPR is associated with significantly reduced CXCR4 co-receptor function (Shen et al. 2000) . The biochemical basis for the reduced co-receptor function associated with cross-desensitization remains uncertain.
